Magnetic Amplifier-Based Power-Flow Controller
I. INTRODUCTION
A S THE demand in quantity and quality of electric energy continuously grows, the existing power grid is stressed and strained in capacity and capability. Further issues, such as penetration of variable renewable sources, transmission congestion, power market operation, and aging of power grid components, make the attempt to improve power quality (PQ) and prevent interruptions/blackouts even more challenging. To fully address these challenges, system-wide optimal power-flow control based on an advanced infrastructure of the power grid becomes a necessity. For power engineers, achieving adequate and optimal power-flow control has never been an easy problem to tackle. The existing methods for power-flow control range from tapchanging/phase shifting transformers, switchable shunt capacitors/inductors, synchronous condensers, and various types of flexible ac transmission systems (FACTS) controllers. These devices are either coarse in functionality or very expensive to manufacture, install, and operate, resulting in unsatisfactory performance of power-flow control in the contemporary power grid.
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Digital Object Identifier 10.1109/TPWRD.2015.2400137 In this paper, an innovative, low-cost, and high-performance magnetic amplifier-based power-flow controller (MAPFC) and the results of developing this controller at the Oak Ridge National Laboratory (ORNL) are introduced. The MAPFC adopts the idea of magnetic amplifier in electronic circuits and exploits the mature and sophisticated technologies of power transformer design and low-voltage/current power electronics. Continuous and smooth control of a large amount of power flow on the ac side can be achieved by changing the small input current on the dc side of the controller. Utilizing the existing technologies lowers the cost and investment risk for MAPFCs, allowing for the possibility of commercialization in a short period of time and grid-scale deployment.
II. CONCEPT OF THE MAGNETIC AMPLIFIER-BASED POWER-FLOW CONTROLLER
The concept of utilizing the saturable-core reactor for circuit control dates back as early as the 1920s [1] and it has been well developed for electronic circuit applications, such as the magnetic amplifier [2] , [3] . As the name implies, the MAPFC uses the same principle and magnetic field that is analogous to the principle of transistor (FET, in particular) and the use of the electric field in electronic circuits. Fig. 1 depicts a simplified schematic of this device.
An ac winding connected in series with the ac circuit to be controlled and a dc winding driven by a direct current source are wound on the two legs of a saturable core made of ferromagnetic material. The two windings are magnetically coupled by the ac and dc fluxes in the core. The direct current generates the bias dc flux and controls the saturation of the core, that is, the self-inductance of the ac winding. This inductance reaches the maximum when the core is not saturated (at zero dc) and the minimum when it is fully saturated (at large enough dc). The overall reactance in the controlled ac circuit changes as a result of the ac winding self-inductance's change. Thus, the control U.S. Government work not protected by U.S. copyright. of the current flowing through the ac circuit is realized by adjusting the direct current input to the dc winding. This arrangement, however, cannot be directly applied to power-flow control in power systems because of several reasons as follows.
1) The asymmetrical operation introduced by the nature of the design. In one half cycle of one ac period, the ac and dc magnetic fluxes are added, but in the other half cycle, they are subtracted due to the polarity change of the alternate current. This will generate harmonics in the power system. 2) The induced voltage on the dc side due to the transformer effect can be of very large magnitude, raising problems of insulation and protection.
3) The requirement for a large dc source due to the limitation of the design. The last statement requires some explanation. Without any air gap in the core, as shown in Fig. 1 , the nominal (unsaturated) reactance of the ac winding is small due to the low reluctance of the magnetic path. This limits the magnetomotive force from the ac winding and its number of turns. For this reason, ferromagnetic reactors have gaps in their core from a nonferromagnetic material with magnetic properties essentially equal to that of free space (air). The introduced reluctance becomes dominant, allows for more turns in the ac winding, and, as a result, larger self-inductance. However, with some air gaps in the core, large direct current is required to drive the core into deep saturation to obtain the desired minimum value of the ac winding reactance. This raises a number of difficulties including dc winding power rating, losses, and its cooling. Fig. 2 shows an improved design which can be used for an MAPFC. Two dc coils are wound on the two outer legs of a three-legged saturable core. They are connected to form the dc winding in such way to generate a circulating magnetic flux in the outer frame of the core. The air gap is placed in the center of the middle leg, on which the ac winding is wound. The symmetry of the operation is maintained because during each half cycle of a period, the ac and dc fluxes will add in half part of the core and subtract in the other half, which keeps the overall effect of the magnetization unaffected by the ac polarity change. Besides, the total voltage in the entire dc winding stays low because of the cancellation of the induced voltages in the two dc coils. As explained, the air gap allows larger ac winding reactance, that is, the controlled variable. At the same time, most of the dc flux stays in the outer frame of the core and will not "see" the gap in the middle leg. It allows the core to be saturated by relatively small direct current and the ac winding reactance to easily reach its minimum value. This concept of a bias dc flux flowing only in the periphery or other select parts of the core has been dubbed "local saturation" [4] .
It is obvious that the core construction of the MAPFC is similar to that of a three-phase core-type power transformer but its operation is quite different. In power-flow control applications, the high-voltage ac side of the MAPFC is connected in series with the transmission line. The large magnitude ac load/power in the high-voltage (HV) transmission line is controlled by a small direct current regulated by the low-voltage (LV)/current power electronics. Since the ferromagnetic core gets magnetized between the unsaturated and saturated states, a continuous change in the reactance of the ac winding is obtained. This op- eration can be thought of as "magnetic valve" because the controlling medium is the magnetic field inside the saturable ferromagnetic core shared by the ac and dc windings, part of the controlled and control circuit, respectively.
At the two ends of its operating characteristic (completely saturated and unsaturated), the MAPFC works just like an air-core reactor and a ferromagnetic-core reactor, respectively, with two different values of reactance. The regulation range of the reactance can be from near zero to several ohms or more, which can easily reach a substantial portion of the impedance of a typical high-voltage power line. Hence, the overall impedance of the transmission line becomes adjustable in a smooth way. In a meshed power system, the MAPFC controls the power flowing through the transmission line where it is installed. With a number of strategically located and well-coordinated MAPFCs in the network, comprehensive power-flow control can be achieved.
The ac and dc sides of the MAPFC have no direct electrical connection and they are only coupled through the magnetic field in the core. This is the most important difference between MAPFC and the FACTS controllers with similar capability that are connected in series with the power system. In the former, none of the power flows through the power-electronic components. Therefore, MAPFC may use LV power electronics (a few hundred volts) for control while the FACTS controllers use HV components which are also part of the main power circuit. Hence, the cost of MAPFC will be much lower than the cost of typical FACTS devices while its reliability will be higher. The cost is estimated to be U.S.$10/kVA while that of modern FACTS is U.S.$100/kVA, clearly outperforming even the least expensive among them.
When compared to traditional power system control devices with mechanical switching, such as the tap-changing and phaseshifting transformer, the cost advantage will still be there. Perhaps the advantage will not so much in the capital costs, but very much so in the operation costs due to increased maintenance and lower reliability in the latter.
The use of the magnetic field as a medium to control power flow comes only natural in power systems. It is at the core of the operation of transformers and rotating electrical machines (generators and motors alike) and the fundamental elements of the power grid. Yet, the concept of the magnetic amplifier has never been used in practice for solving power system control problems until recently when some high-temperature superconductor (HTS) fault current limiter (FCL) projects were reported.
These FCLs use saturable reactors with HTS dc winding to limit the fault current in power systems [5] - [8] . The bias dc flux flows globally throughout the entire core and is kept deeply saturated in normal operating conditions. As such, the FCLs require a high-power dc supply that constantly supplies large direct current accompanied with significant Joule losses, hence the need for HTS technology. When a fault occurs, the large fault current drives the core out of saturation, resulting in increased reactance that, in turn, limits the current flow.
The work described in the sequel considers primarily normal operating conditions and the use of the principle of magnetic amplifier for steady-state and transient power-flow control. With some modifications and development planned for the future, fault current limiting can also be added to the existing capabilities of the MAPFC.
Based on more than a century of experience with similar type of equipment, such as transformers, it is expected that utilities will be very comfortable with large-scale installation of MAPFCs in their power systems.
III. RESEARCH AND DEVELOPMENT

A. Overview
Supported initially with an internal ORNL grant followed by an award by the U.S. Department of Energy (DOE)'s Advanced Research Project Agency-Energy (ARPA-E), a team led by ORNL, in partnership with the University of Tennessee-Knoxville and the SPX Transformer Solutions Inc. (formerly, Waukesha Electric Systems, Inc.), has been working on the R&D of the MAPFC since early 2012 [9] . The team has developed a three-phase 480-V/200-A prototype device of the MAPFC and conducted different types of lab tests on it. As part of the project, the development of a high-voltage, high-current prototype is under its way. In the first stage of the project, a single-phase 115/ 3-kV, 1500-A unit is being manufactured for factory testing. In the future, two additional units will be built to complete the three-phase bank and installed in series with a transmission line for field demonstration.
The low-voltage (480-V) MAPFC prototype consists of a three-phase saturable-core reactor and low-voltage power-electronics-based dc supply/controller. A photo of the reactor (inside the white box) and the dc supply box is shown in Fig. 3 . Each phase of the reactor has a three-legged core with ac and dc windings wound in the same way as shown in Fig. 2 . The middle leg of the core, where the ac winding is wound, contains a small air gap, about 1 mm long. The body of the core is stacked from interleaved laminations made of transformer core steel. Some additional small gaps can be introduced at the interleaved joints due to manufacturing tolerances. This was discovered during the testing of the device and comparison of the measured one with simulated data. The dc supply includes a 600-A/600-V, IGBT module-based inverter with pulsewidth-modulated (PWM) control. The inverter has its own rectifier and can be plugged into and powered from a standard single-phase 120-V/15-A ac power outlet. The output of the inverter is connected to the dc windings for all three phases connected in series and provides the bias dc to control the saturation of the core. The dc supply has been overdesigned for research purposes. In all tests, the direct current applied to the dc winding was less than 200 A at low voltages. Since it is not difficult to saturate the outer frame of the core, this 600-A/600-V dc source is also capable of handling MAPFCs designed for HV and real-life field demonstration.
In order to facilitate data measurement and state monitoring during lab testing, a data acquisition and display system built on the dSPACE system has been developed. As shown on the display interface [ Fig. 4(a) and (b) ], various variables and parameters, such as the voltage, current, harmonics, and power of ac and dc windings can be measured, calculated, and displayed in real time. In this version of the design, the direct current value is set discretely by using a 19-position knob controller or a virtual push-button style setting panel, on the bottom of Fig. 4(b) . Nineteen specified values of dc between 0 to 150 A can be set by dialing the knob or pushing buttons on the virtual panel. For future MAPFC applications, continuous control of dc is under development with an option for local autonomous mode.
The main R&D process for the MAPFC includes the combination, adaptation, and integration of the already proven concepts with modern technologies. The three major parts of the project: 1) design and manufacturing of the saturable-core reactor; 2) design and building of the dc source and controller; and 3) system integration and incorporation of the MAPFC device into the power-flow control scheme are all, respectively, based on the existing sophisticated technologies of power transformer manufacturing, LV power electronics, and power system control modeling. The approach implemented in this process incorporates versatile capabilities of the team and various tools needed for the project. The Maxwell 3-D finite-element analysis (FEA) tool was used to validate the idea of the device from the electro- magnetic (EM)-field level and to initialize the design of the reactor. MATLAB/Simulink was used to simulate and design the dc source and controller. Simplorer incorporated the EM-field simulation with the control circuit simulation for device tuning. As mentioned earlier, the data-acquisition (DAQ) system based on dSPACE was used for measurement and real-time monitoring and control in the tests on the prototype MAPFC. Test results were fed back to the EM field and system simulations to improve the simulation model and the design of the device, closing the R&D loop. Fig. 5 shows a simple diagram describing this R&D cycle.
B. Lab Tests and Results
The 480-V prototype MAPFC is now installed at the Distributed Energy Communications and Control (DECC) Laboratory of ORNL. Various tests on the device have been implemented for concept validation, performance check, and design optimization. A diagram of the typical test setup is shown in Fig. 6 .
The ac windings of the LV MAPFC prototype shown in Fig. 2 are made from two equal parts, each with its own pair of terminals, to allow experiments with different values of the nominal (unsaturated) reactance. When both of the halves are used, the reactance gets four times larger . If larger load currents are used, typically only one half of the ac winding is connected. Otherwise, large voltage drops will occur at the load in radial configuration. This is the case with the setup shown in Fig. 6 where only one half of the ac winding for each phase is used in the three-phase radial 480-V ac circuit. The variation of the ac winding reactance in this case ranges from about 0.18 to 0.035 when the dc winding current changes from 0 to 150 A. This is approximately an 80% reduction or a 6:1 regulation (maximum/minimum) of the reactance. Fig. 7 shows the curves for the ac winding reactance at different three-phase ac loads: 20, 50, and 100 kW (i.e., load currents: 24, 60, and 120 A). At smaller dc, the curve for smaller ac load drops faster than that for larger loads because the core is easier to saturate when the ac flux (induced by the ac load) is smaller. After the dc reaches 20 A, the three curves get closer and almost overlap with each other as the core saturation gets deeper.
For validation purposes, the test data are compared to the results obtained from FEA simulations (using Maxwell's 3-D Fig. 8 . Comparison between the measured ac winding reactance and FEA simulation results for the 100-kW ac load case. package). Fig. 8 shows the FEA simulation result and the measured data for the case of the 100-kW ac load. The dashed curve in the figure represents the average of ac winding reactance values obtained from multiple simulations. Calibrating the results, it was discovered that the effective gap in the core is close to 2 mm instead of the design target of 1 mm. The additional 1 mm comes from the small extra gaps introduced by the imperfect and nonstandard overlap joints of interleaved laminations used to stack the small core. This was a result of the small dimensions put against the manufacturing tolerances of the SPX/WES' facilities that usually deal with much larger devices. In a typical sized unit, a proper miter-cut joint can be manufactured with an almost perfect magnetic path connection. After this correction in the 3-D FEA model of the device, a very good match with the test data is obtained as shown in Fig. 8 . The result of this effective increase in the air gap for the given number of turns is a reduction of the nominal ac winding reactance. This, in turn, caused a narrower regulation range compared to what it should have been based on the design. With a much smaller relative error in gap dimensions, which will be the case for larger units, the regulation range will be more than 10:1.
Larger, production-grade reactors with ferromagnetic cores are also subject to gap adjustment during factory testing to ensure the exact rated impedance value as specified. This will eliminate any error that may have been introduced during manufacturing.
Since the control circuit of the MAPFC contains power-electronic components switching at high frequency (20 kHz), one issue of concern to power engineers is the harmonic pollution introduced to the power grid. During lab tests, among other data points, the harmonic content and the total harmonic distortion (THD) of the phase voltage (line to neutral) on the ac side of the MAPFC have been monitored. Over the full control range (dc 0 A to 150 A), the MAPFC introduces very small harmonic pollution to the grid. The maximum THD increase due to the device ever observed is less than 0.006 (0.6%), given that the background THD in the lab is about 0.045. The worst case occurs when the dc establishes the bias flux at the knee of the magnetization curve which, in this example, occurs around 10 A. This is when the harmonics produced by the power electronics get compounded with the inherent nonlinearity of the device.
For the case of 100-kW ac load and 10 A dc, the voltage across one phase of the ac winding (upper left), the phase-toneutral voltage on the load side (lower left), and the 0th to 10th harmonics for the two voltages (upper right and lower right, respectively) are shown in Fig. 9 . The voltage across the ac winding has obvious distortion (large 3rd and 5th harmonics) because of the nonlinear characteristic of the core. On the other hand, the phase voltage at the load is relatively "clean," showing that overall only limited harmonic pollution is introduced by the MAPFC to the grid even in the worst case of operation. Obviously, this is a direct consequence of the limited amount of voltage drop that is allowed across the device.
C. Other Potential Applications for MAPFC
Besides controlling power flow, MAPFC is potentially capable of other applications, such as oscillation damping and limiting fault currents, which will improve the reliability, stability, and resiliency of the system. Practical power systems usually have natural modes (local or interarea) at subhertz frequencies. Once these modes are excited, the system may be driven into oscillations that may cause system interruptions or even blackouts. The essence of MAPFC is to insert additional impedance into the transmission line whenever it is necessary. Therefore, it is possible to use MAPFC to damp the oscillation if it responds quickly enough to the event. During laboratory tests, the response time of the MAPFC was measured and the results are shown in Fig. 10 . The waveform of the dc when switched from 0 to 150 A and the corresponding change of the ac winding impedance are, respectively, shown in Fig. 10(a) and (b). The total response time for a full-regulation range change of ac winding impedance is about 0.2 s, which is believed to be fast enough to damp interarea oscillation modes and slower transients.
Another potential application of the proposed MAPFC is to use it as an FCL device. By using high-speed power-electronic switches, it is possible to reconfigure the circuitry of the MAPFC and make it operate in a way similar to one of the FCLs mentioned before, but without the need for superconductive and cryogenic technologies. Adding this functionality requires further research and development so that it will not jeopardize the low-cost characteristic of the MAPFC.
The project team has already started some preliminary analyses on these two potential applications. Further studies will be conducted in the future pending the extension of this project.
IV. CONCLUSIONS
This paper introduces the concept of a magnetic amplifier which uses a saturable-core reactor controlled by low voltage and current dc source to control power flows in the power grid. The approach uses a combination of proven concepts with new technologies and its feasibility has been proven by numerical simulations and laboratory tests.
A three-phase 480-V prototype MAPFC was developed for testing purposes. The test results show that a 6:1 regulation range of the ac winding reactance of this MAPFC is obtained when the dc winding current changes between 0 and 150 A. The regulation characteristic is nonlinear. The first half of the reactance change is obtained with just a third of the dc range. The prototype device introduces little harmonics pollution into the power grid due to the small voltage drop across its terminals. The maximum increase of THD caused by the device is less than 0.006.
Besides steady-state conditions, the MAPFC can also be used in transient conditions. It takes about 0.2 s for the device to switch from maximum to minimum ac reactance, which makes it possible for the MAPFC to be used in damping low-frequency oscillations in power systems. It is believed that with some modifications, the MAPFC can also be used as a fault current limiting device without the need for any nonstandard technologies that will increase the cost and decrease the reliability.
The cost of the proposed controller is much lower than the current state-of-the-art solutions. Such cost-effectiveness will allow for system-wide deployment and distributed power-flow control on a scale never implemented before. A number of these controllers placed at strategic locations and coordinated by the system operator can eliminate the common transmission system problems and enable, cost-wise, truly optimal power system operation while satisfying technical, security, environmental and other constraints.
APPENDIX
A simplified analysis of MAPFC can be performed by starting with the simple electromagnetic circuit shown in Fig. 1 . Let us assume a homogenous field throughout the core cross-section , equal to the field along the middle path around the circuit. Also, due to reasons stated in the text, let us introduce an air gap in the core with length .
The induced rms voltage in the ac winding due to the selfinductance is given by Faraday's Law The limiting case is when the entire circuit is completely saturated. Then, 1 and the impedance is at the minimum (A.6) Therefore, the theoretical regulation of the magnetic amplifier is given by (A.7)
The simplified analysis can be extended to the three-legged design shown in Fig. 2 . In this case, only a part of the core will be fully saturated at minimum impedance. The middle leg with the ac winding, aside from the air gaps, will not be saturated if it were not designed to be so at maximum impedance (i.e., at rated ac load current and no bias dc).
Assuming the cross section of the core is constant, the flux density in other parts of the core will be one half of that in the middle leg with length . The Ampère's law in this case states 
